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Abstract 
Carbon fibre composites possess excellent mechanical properties, but suffer from brittleness. 
Hybridisation with self-reinforced polypropylene (SRPP) is a promising strategy to introduce 
ductility into carbon fibre-reinforced polypropylene (CFRPP). The present work demonstrates how 
different damage mechanisms in these hybrid composites change as a function of the carbon fibre 
volume fraction, the directionality of CFRPP and SRPP and their relative layer thickness. Multiple 
fractures of the CFRPP layers or “fragmentation” is achieved by optimising these parameters. This 
leads to a ductile hybrid composite with a gradual failure development. 
Keywords: Hybrid composites; Delamination; Self-reinforced composites; Ductility 
1 Introduction 
Carbon fibre-reinforced composites combine excellent mechanical properties with a low density. 
This makes them a preferred choice in many lightweight structural applications. Their main 
drawback however, is a low tensile failure strain due to the intrinsic brittleness of the reinforcing 
fibre. One solution is to replace the carbon fibres by fibres with a larger failure strain, such as 
polymer [1-3] or metal fibres [4, 5]. This solution is compromised by accompanying disadvantages, 
such as lower strength and increased temperature sensitivity of polymer fibres and much higher 
density of metal fibres. There is hence a strong need for new ideas on how to improve the failure 
strain of fibre-reinforced composites. 
The basic question is whether a brittle material can be made ductile through intelligent design. An 
affirmative answer to this question can be found both in naturally occurring and in man-made 
materials. Biological composites, such as bone and nacre, are known for their remarkable 
robustness against failure and sophisticated energy absorbing mechanisms [6-8]. Haversian bone, 
for example, is capable of undergoing high inelastic strains because of its unique microcracking 
process that gradually develops in its concentric lamellae [9]. Nacre’s inelastic deformation is 
attributed to progressive sliding and stable pull-out of its platelets [10, 11]. In both cases, a well-
balanced interplay between microstructural parameters and constituent properties is crucial for the 
activated damage mechanisms [10]. 
Among man-made materials, ductile behaviour was successfully achieved in engineered 
cementitious composites (ECC), also known as bendable concrete [12]. Unlike regular concrete that 
fails in a brittle manner, due to a single propagating crack initiated at a pre-existing flaw, bendable 
concrete undergoes excessive cracking over a large volume before it fails. The ductility originates 
from an accurate control of the opening of these cracks by bridging them with fibres. The design 
requires tailoring of the fibre size, fibre strength, interfacial strength and the size of the pre-existing 
flaws. With the correct set of parameters, the mechanism on the tension side of a flexural test is 
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changed from a single crack propagation to multiple cracking. The result is a failure strain 
improvement by two orders of magnitude, from 0.01% for standard concrete to 5% for concrete 
reinforced with polyvinyl alcohol fibres [12]. 
While the situation in fibre-reinforced polymer composites is different from that in biological 
composites or fibre-reinforced concrete, certain concepts are universal and can be transferred to the 
other materials. Two concepts that can be transferred to brittle carbon fibre composites are that (1) a 
more ductile fibre should be added, and (2) a gradual damage development is achieved through 
multiple cracking. Fibre hybridisation is a promising approach to achieve these goals. Partial 
replacement of carbon fibres with a more ductile fibre provides more control over the failure 
mechanisms. Most hybridisation studies so far have focused on the addition of glass or aramid 
fibres to carbon fibre composites [13-23]. 
Another vital parameter in controlling the failure mechanism is the bonding strength between the 
layers of the hybrid composite. When the carbon fibre layers in an unbonded carbon/glass interlayer 
hybrid fracture, then delaminations will develop and spread over the entire length of the sample 
[13]. This leads to a significant vertical load drop, after which the tensile diagram of the hybrid 
composite resembles that of the glass fibre composite. In the case of a strong bonding however, a 
more gradual transition from carbon to glass failure is achieved. 
Recently, multiple cracking or fragmentation was achieved by sandwiching thin carbon fibre layers 
between thick glass layers [14]. For thicker carbon fibre layers, the behaviour reverted back to 
unstable delaminations, similar to that observed by Bunsell and Harris [13]. The fragmentation case 
however, allowed the carbon fibre layers to break repeatedly, resulting in a sustained stress level. 
This allowed their hybrid composites to reach ultimate failure strains of up to 2.8% without a 
drastic load drop. In the same work, an analytical equation was derived to predict the maximum 
layer thickness that allows this fragmentation [14]. This was later extended to a more refined 
numerical model in [15]. The material behaviour was referred to as pseudo-ductility, which can be 
defined as the occurrence of ductility in an inherently brittle material through control of the damage 
mechanisms. So far, it has only been achieved at low volume fractions of the brittle fibre. 
The failure strain improvements that can be achieved by hybridisation with aramid or glass fibres 
are limited by the low failure strain of these fibres. Large improvements in the ultimate failure 
strain are only possible through hybridisation with a much tougher fibre [24-26]. This was achieved 
by hybridisation of carbon fibre with self-reinforced PP (SRPP) [24]. SRPP is a tough material with 
a high failure strain of about 20% [1, 27]. While this ultimate failure strain was also maintained in 
the hybrid composites, the carbon fibre failure was accompanied by a significant load drop [24]. 
SRPP has also shown great potential in fibre-metal laminates, where the presence of SRPP in 
between aluminium plies led to a more ductile response in impact [28, 29]. The combination of two 
ductile components in fibre-metal laminates leads to a ductile tensile behaviour without a load drop 
prior to final failure.  
This work aims to understand the parameters governing the failure development in interlayer hybrid 
composites of carbon fibre and self-reinforced polypropylene. Pseudo-ductility is targeted by 
controlling the damage mechanisms through an intelligent choice of structural and material 
parameters. The final purpose is to develop a new material with reasonable stiffness, but with 
drastically increased ultimate failure strain. 
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2 Materials and methods 
2.1 Materials 
Propex Fabrics GmbH (Germany) provided drawn polypropylene (PP) tapes, with a stiffness of 10 
GPa and a strength of 500 MPa [3]. The tapes were provided on a bobbin as well as in a twill 2/2 
woven fabric with an areal density of 130 g/m². Propex Fabrics GmbH also provided a 50 µm thick 
PP film for impregnating the carbon fibre weave. This film has a melting point of 163°C and 
consists of the same PP grade as the drawn PP tapes. 
Two types of carbon fibre preforms were used in the study. Unidirectional carbon fibre-reinforced 
polypropylene (CFRPP) prepregs were sourced from Toray Carbon Fibers Europe (France). These 
300 µm thick T700S prepregs have a fibre volume fraction Vf of 45% (see section 2.4). 
A balanced spread tow plain weave Textreme 80PW was sourced from Oxeon AB (Sweden). The 
areal density was 90 g/m², of which 80 g/m² is UTS50S carbon fibre and the rest is epoxy binder. 
The weave was pre-impregnated in a hot press at 220°C using a single 50 µm PP film. The pressure 
was alternated between 1 and 10 bar every minute for a total of 10 min, resulting in prepregs with a 
thickness of 104 µm and a Vf of 43%. 
2.2 Composite production 
Different interlayer hybrids of SRPP and CFRPP were produced (see Table 1). S and C indicates 
SRPP and CFRPP layers respectively, while superscripts “w ” and “u ” indicate woven and 
unidirectional preforms, respectively. The SxCySxCySx-layups were chosen to yield sufficiently thick 
samples, while still having a reasonable dispersion of the carbon fibres. This dispersion is known to 
be important in the performance of hybrid composites [19]. The lowest carbon fibre Vf in each 
hybrid configuration was achieved by grouping the carbon fibre layers together in a SxCySx-layup. 
The values of “x” and “y” in these layups were chosen to yield similar thickness and Vf for the 
SRPP and CFRPP layers in the different configurations. 
In case of UD SRPP, the tapes were wound from the bobbin onto a rectangular frame using a 
winding machine. The machine translates laterally, while the frame rotates. Each translation of the 
machine creates one US  layer on the top and one US  layer on the bottom of the frame. Winding 
was interrupted at appropriate time intervals to insert the CFRPP prepreg layers. The other layups 
were made by stacking of the layers. 
The hybrid layups were placed in a copper mould and inserted into a preheated press at 188°C. The 
materials were hot compacted for 5 min at 45 bar pressure, followed by cooling down to 40°C in 5 
min.  
The CFRPP reference composite was produced using the same process parameters, but at 5 bar 
pressure instead of 45 bar. This lower pressure reduces material flow out of the mould and thus 
limits carbon fibre undulations. The higher pressure for layups with SRPP was needed to limit the 
intrinsic shrinkage of PP tapes during hot compaction. 
 
 
 
 
Composite Structures 131 (2015) p. 259-265 
DOI: 10.1016/j.compstruct.2015.04.069 
 4
Table 1: Identification of the layups, with the measured thickness and overall carbon fibre volume fraction. The 
carbon fibre volume fraction in the loading direction was obtained by dividing the overall fraction by 2 in case of 
woven CFRPP. 
CFRPP SRPP Layup Thickness 
(mm) 
Carbon fibre volume fraction 
Overall In loading direction 
UD / 5uC  1.38 + 0.02 44.9 + 1.9% 44.9% 
Woven / 10wC  1.04 + 0.02 42.5 + 1.4% 22.4% 
/ UD 20uS  1.57 + 0.03 0 0 
Woven / 16wS  2.35 + 0.01 0 0 
UD Woven 
w u w u wS C S C S  0.90 + 0.04 29.3 + 1.2% 29.3% 
3 3 3
w u w u wS C S C S  1.79 + 0.03 12.7 + 1.2% 12.7% 
6 6 6
w u w u wS C S C S  3.12 + 0.02 10.1 + 2.4% 10.1% 
9 9
w u wS C S  2.97 + 0.04 5.0 + 2.1% 5.0% 
Woven Woven 
2 2
w w w w wS C S C S  0.85 + 0.03 20.2 + 1.3% 10.1% 
3 2 3 2 3
w w w w wS C S C S  1.71 + 0.03 11.0 + 1.2% 5.5% 
6 2 6 2 6
w w w w wS C S C S  3.06 + 0.06 7.2 + 0.5% 3.6% 
9 2 9
w w wS C S  2.90 + 0.05 4.7 + 1.0% 2.3% 
Woven UD 
2 2 2 2 2
u w u w uS C S C S  0.88 + 0.02 17.6 + 1.8% 8.8% 
4 2 4 2 4
u w u w uS C S C S  1.35 + 0.03 12.2 + 1.7% 6.1% 
8 2 8 2 8
u w u w uS C S C S  2.34 + 0.06 8.4 + 0.2% 4.2% 
12 2 12
u w uS C S  2.21 + 0.05 5.5 + 0.5% 2.8% 
 
2.3 Tensile tests 
Quasi-static tensile tests were performed according to ASTM D3039 on an Instron 4505 equipped 
with a 100 kN load cell. The strain rate was set to 5%/min to allow fracture within a reasonable 
time. Tensile samples were water jet cut to minimise damage to the sample edges. The sample 
dimensions were chosen to be 250x15 mm with a 150 mm gauge length, as recommended by the 
ASTM standard for UD composites. This sample size was also used for the woven composites. Five 
samples were tested for each layup.  
The front face of the samples was monitored during the test using a camera. A speckle pattern was 
used to calculate the average surface strain over a length of 50 mm in the middle of the specimen. 
After CFRPP failure, the surface of most samples was damaged and the surface strain could not be 
measured anymore. The strain in this region was calculated by using the crosshead displacement, 
and shifting it by a constant value to ensure strain continuity at CFRPP failure. This approach is 
accurate for two reasons. Firstly, the error is mainly proportional to the load. Since the load is 
relatively constant after CFRPP failure, the applied correction is accurate over a large strain 
interval. Secondly, the approach was verified to be accurate on other types of samples without 
damaged surfaces. The images were also used to track delaminations. The delaminated length was 
quantified by measuring the brightness difference between intact and delaminated areas. 
2.4 Fibre volume fraction measurement 
Matrix burn-off tests were performed according to the ASTM D2584 standard to measure the 
carbon fibre Vf. The PP is heated in a porcelain crucible until the PP matrix ignites. The samples are 
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then inserted into a muffle furnace for 4h at 450°C, followed by cooling in a desiccator. The content 
of the crucible is then treated with acetic acid to remove calcium carbonate residue. This treatment 
is performed in a glass filter, after which the acetic acid is removed by vacuum filtering. The filter 
containing the fibres is then dried for 1h at 100°C. The carbon fibre weight fraction is calculated 
from the weight before burn-off and after drying of the filters. This is converted into carbon fibre Vf 
by assuming a density of 1800 kg/m³ for the carbon fibres and 920 kg/m³ for PP. 
3 Results  
3.1 Damage mechanisms in hybrid composites 
From the introduction it is clear that the damage mechanisms after CFRPP failure need to be 
controlled to achieve pseudo-ductility in SRPP/CFRPP hybrid composites. These mechanisms 
depend on a number of parameters, including the stiffness and strength of the SRPP and CFRPP 
plies, their thicknesses and the interlaminar fracture toughness. A schematic and simplified 
representation is shown in Fig. 1. If all parameters except the interlaminar fracture toughness are the 
same, then this toughness dictates the type of failure of the hybrid composite. For a high fracture 
toughness, the elastic energy released at the CFRPP fracture has no possibility to be dissipated 
through delamination. It therefore has to be taken up by the surrounding SRPP layers, resulting in 
extensive SRPP damage or even immediate failure (see Fig. 1a). For a low fracture toughness, the 
sample delaminates instantly over the entire length and no further stress build-up is possible in the 
CFRPP layers (see Fig. 1b). The scenario of interest is the one with an intermediate fracture 
toughness, in which case a small delamination would be allowed (see Fig. 1c-d). Two possibilities 
can be distinguished in this case: (1) a single, gradually propagating delamination (see Fig. 1c) and 
(2) fragmentation, which is defined here as multiple CFRPP fractures accompanied by delamination 
(see Fig. 1d). Fragmentation typically starts off as a single CFRPP failure and delamination, but as 
stress builds up again, new CFRPP failures appear instead of a growing delamination. In both cases, 
CFRPP failure may inflict damage to the SRPP layers. 
 
Figure 1: Schematic representation of the possible damage mechanisms in hybrid composites after failure of the 
two carbon fibre layers: (a) failure of the entire composite, (b) a delamination, which instantly develops to cover 
the entire specimen length, (c) a single, gradually propagating delamination, and (d) fragmentation or multiple 
CFRPP fractures accompanied by delaminations. 
 
Four parameters will be varied to control the damage mechanisms: carbon fibre Vf, CFRPP and 
SRPP orientation and the relative thickness of the CFRPP layer. The interlaminar fracture toughness 
is missing from this list, but this value will be varied indirectly by changing the CFRPP and SRPP 
orientation. 
(a)  (b) (c) (d)
CFRPP SRPP
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3.2 Carbon fibre volume fraction 
Fig. 2 presents the stress-strain diagrams of UD CFRPP - woven SRPP hybrids. The reference non-
hybrid composites with 0%CF and 45%CF show drastically different behaviour. CFRPP is strong 
and stiff with a low failure strain, whereas SRPP is compliant, but has a high failure strain. 
Both carbon fibre layers break simultaneously in the same location, as identified from post-mortem 
investigations. The tensile behaviour of the hybrids corresponds to the mechanism of a single, 
growing delamination around each broken carbon fibre layer (see Fig. 1c). This is also confirmed 
by the sample appearance of the 29%CF hybrid immediately before and after CFRPP failure (see 
Fig. 2b and c). The light grey regions correspond to the delaminations between the CFRPP and 
SRPP layers. Fig. 2d indicates that this delamination gradually grows upon further loading. At 
about 10% strain, the delamination covers the entire sample length. The sample then reverts to the 
situation of complete delamination (see Fig. 1b), where the SRPP layers are loaded independently 
from the fractured CFRPP layers. It should be noted that some damage is introduced into the SRPP, 
as the ultimate failure strain is slightly reduced compared to 0%CF. This reduction is smaller for 
lower carbon fibre Vf. 
 
Figure 2: UD CFRPP – woven SRPP hybrid composites: (a) stress-strain diagrams along with those of the 
reference composites, (b) 29%CF sample right before CFRPP failure, (c) 29%CF sample immediately after 
CFRPP failure, and (d) 29%CF sample after 6% applied strain. The dashed rectangle indicates the delaminated 
region, whereas the white speckles are required for digital image correlation. 
 
Immediately after CFRPP failure, the delamination length is 70 mm on average, corresponding to 
nearly half the gauge length. Such large delaminations should be avoided, as they lower the 
probability of complete stress build up in the CFRPP layers. This stress build up is vital for 
achieving multiple cracks or fragmentation. The large initial delaminations are facilitated by fibre 
debonding and splitting due to the low adhesion between carbon fibre and PP. 
The available energy for creating delaminations is related to the energy that is stored in the CFRPP 
and released upon failure. This energy is the same for the 29%CF, 13%CF and 10%CF hybrids, as 
these layups all have the same number of carbon fibre plies (see Table 1). Their layups also ensure 
(a) (b)
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that the number of surfaces that can delaminate is the same. Reducing Vf from 29% to 13% and 
10% therefore did not change the general appearance of the stress-strain diagrams (see Fig. 2), nor 
did it change the initial delamination length. The only observed change is the fact that the SRPP 
ductility is maintained better for the 13%CF and the 10%CF hybrids. This is because these hybrids 
have more SRPP layers to absorb the released energy. 
The 5.0%CF layup only has a single carbon fibre layer compared to 2 layers for the other layups 
(see Table 1). The lower elastic energy stored in this sample would hence be expected to have an 
effect on the delamination length. Unfortunately, visual detection of the delaminations was not 
possible due to the thick SRPP layers blocking the light too much. The damage to the SRPP was 
limited for all layups as the ultimate failure strain only increased slightly with decreasing carbon 
fibre Vf. 
The 5.0%CF layup led to undulations in the carbon fibres, which cause nonlinearities in the range of 
0-0.8% strain. The undulations occur due to entropic shrinkage of the PP tapes at high temperature, 
but also during cooling due to the large thermal expansion of SRPP [30, 31]. The carbon fibres are 
straightened before they fail, which is also indicated by the increased CFRPP failure strain (see Fig. 
2). The undulations thus have only a minor influence on the damage mechanisms and are not 
studied here. Higher fractions of carbon fibre stabilise the CFRPP for these undulations and reduce 
the driving force for shrinkage by reducing the SRPP fraction.  
The energy underneath the tensile diagrams was analysed, but did not show significant 
improvements compared to the linear rule-of-mixtures and was therefore not shown here. 
3.3 Directionality of CFRPP  
Reducing the carbon fibre Vf was insufficient to cause a change in the damage mechanism as the 
released energy and delamination length remained the same. Adding 90° carbon fibres is a well-
known approach to hinder delamination, as it deflects and branches the delamination path, thereby 
increasing the interlaminar fracture toughness [32-34]. This section hence replaces the UD CFRPP 
layers with woven CFRPP to investigate its influence on the tensile behaviour. This also changes 
the stiffness and strength of the CFRPP layers. 
Fig. 3 reveals that hybrids with woven CFRPP indeed behave differently. The initial delamination 
length is reduced to 30 mm (see Fig. 3c), compared to 70 mm for UD CFRPP (see Fig. 2c). This 
shows that 90° fibres are efficient in shortening the delamination. The delamination grows slightly, 
but then the SRPP layers start to fail. The SRPP always failed in the region where the CFRPP 
failed, indicating that CFRPP failure locally introduced damage into the SRPP layers. 
Damage to the SRPP can be avoided by reducing the carbon fibre Vf (see Fig. 3). The energy that is 
released upon CFRPP failure remains the same for the 20%CF, 11%CF and 7.2%CF hybrids, as 
they have the same number of CFRPP layers. The lower Vf in the 7.2%CF layup however makes it 
more efficient in resisting damage to the SRPP. 
Inspection of the initial delamination lengths revealed that they were consistently around 30 mm for 
the 20%CF, 11%CF and 7.2%CF hybrids. This is again related to the fact the number of CFRP 
layers and hence the released energy is the same. The delamination length seems to be even smaller 
for the 4.7%CF, but the contrast between delaminated and undelaminated regions was too low for 
accurate measurement. 
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Figure 3: Woven CFRPP – woven SRPP hybrid composites: (a) stress-strain diagrams along with those of the 
reference composites, (b) 20%CF sample right before CFRPP failure, (c) 20%CF sample immediately after 
CFRPP failure, and (d) 20%CF sample at an applied strain of 8%. The dashed rectangle indicates the 
delaminated region. 
3.4 Directionality of SRPP 
The previous section highlighted the importance of carbon fibre orientation in hybrids with woven 
SRPP. The SRPP properties may also have an important effect on the performance and damage 
mechanisms of the investigated hybrids. This effect was investigated by using UD SRPP instead of 
woven SRPP, in combination with woven CFRPP. This increases both the stiffness and the strength 
of the SRPP, making it more appropriate to absorb the energy released by the CFRPP failure. 
The 18%CF hybrids with UD SRPP (see Fig. 4) are able to maintain more of the SRPP ductility 
than the 20%CF hybrids with woven SRPP (see Fig. 3). Nevertheless, the mechanisms are similar 
in both hybrids: a single, gradually growing delamination around each CFRPP layer. Again, 
damage to the SRPP is reduced by lowering the carbon fibre Vf. The initial delamination length was 
20-25 mm, irrespective of the carbon fibre Vf. This is shorter than the 30 mm in the woven CFRPP 
– woven SRPP hybrids. This is most likely related to the higher stiffness of the UD SRPP, but 
analysing the influence this has on the delamination is complex. Such analysis would require an 
energy-based approach, which will not be attempted here. This analysis should also be able to 
reveal why the delamination length was not lower for the 5.5%CF hybrid, even though this layup 
has fewer carbon fibre layers. 
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Figure 4: Stress-strain diagrams of woven CFRPP – UD SRPP hybrid composites with different carbon fibre 
volume fractions. 
 
However, there is one vital difference: the 18%CF, 12%CF and 8.4%CF hybrids show a single 
growing delamination, whereas the 5.5%CF layups show fragmentation. Fig. 5 illustrates this 
behaviour in more detail. The tensile diagram in Fig. 5a displays four small peaks, followed by a 
larger one at about 15% strain. Fig. 5b shows the sample prior to the test. At this point, the material 
has a homogeneous colour. The white region in Fig. 5c develops after the first small load drop. This 
region indicates that the CFRPP has failed locally and is surrounded by a delamination. Further 
loading of the sample builds up stress, allowing the CFRPP layer to fracture again (see the second 
white region in Fig. 5d). This fragmentation occurred four times over the sample length, as 
illustrated in Fig. 5e. The delamination length was always 20-25 mm, irrespective of whether it was 
the first delamination. 
 
Figure 5: Illustration of the fragmentation behaviour in the 5.5%CF hybrids: (a) tensile diagram and sample (b) 
prior to failure, (c) after first fragmentation, (d) after second fragmentation, and (e) after the fourth and final 
fragmentation. The third fragmentation occurred outside of the imaged zone. The black speckles are used for 
digital image correlation. 
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The stress increase as a function of strain was synchronised with videos of the sample surface. The 
onset of the delaminations corresponds to the stress drops in the stress-strain curves. The multiple 
fractures of the CFRPP layers were confirmed by melting away the PP and observing the CFRPP 
layers. At about 6% strain, the CFRPP layers are completely delaminated, and SRPP becomes the 
only load carrying material. 
3.5 Relative layer thickness 
All 5.5%CF hybrids with woven CFRPP and UD SRPP fragmented, whereas none of the other 
described layups fragmented. Fragmentation prevents localisation of the strain and allows a higher 
stress level to be maintained. There is however a maximum relative layer thickness above which 
fragmentation does not occur anymore [14, 15]. To examine the upper limit, hybrid composites with 
a varying number of UD SRPP layers and a single woven CFRPP layer in the middle were 
produced. The carbon fibre Vf varied between 2.1% and 10% (see Table 2). 
Table 2: The critical layer thickness and number of fragmented samples for the various layups. All these layups 
consist of woven CFRPP and UD SRPP. 
Layup Carbon fibre volume fractionOverall     in loading direction
Total 
thickness 
(mm) 
CFRPP 
thickness
(mm) 
 
Critical layer 
thickness 
(mm) 
Number of 
fragmented 
samples 
12 12
U W US C S  2.1 + 0.1%          1.0 + 0.1% 2.09 + 0.03 0.104 < 0.147 5/5 
6 6
U W US C S  4.0 + 0.1%          2.0 + 0.1% 1.11 + 0.01 0.104 < 0.117 5/5 
5 5
U W US C S  4.6 + 0.6%          2.3 + 0.3% 0.95 + 0.01 0.104 < 0.111 5/5 
4 4
U W US C S  5.5 + 0.4%          2.7 + 0.2% 0.79 + 0.02 0.104 ≈ 0.102 4/5 
3 3
U W US C S  7.0 + 1.6%          3.5 + 0.8% 0.62 + 0.01 0.104 > 0.093 1/5 
2 2
U W US C S  10.2 + 0.6%        5.1 + 0.3% 0.43 + 0.01 0.104 > 0.080 0/5 
 
The stress-strain diagrams of these hybrid composites are shown in Fig. 6. All layups show peaks 
followed by vertical stress drops. These stress drops are either caused by sudden delamination 
growth or by fragmentation of the CFRPP layer. To determine whether fragmentation occurred (see 
Table 2), digital correlation images of the samples during the tensile tests were used to decide 
whether the samples fragmented. 
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Figure 6: Representative stress-strain diagrams of woven CFRPP – UD SRPP hybrid composites with a single 
carbon fibre layer in the middle. Some layups were omitted to improve clarity. 
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Having a single instead of multiple CFRPP layers is required for the model in [14] to be applicable. 
The model therefore cannot applied to the layups used in the previous sections, as they contain 
multiple CFRPP layers. It should also be emphasised that the model does not predict anything 
related to the initial delamination length. This length is controlled by the energy released by the 
CFRPP failure and how this energy is distributed between SRPP damage and the creation of the 
initial delamination. Predicting this distribution is complex and will not be attempted here. 
Czél and Wisnom’s model [14] establishes an energy criterion for preventing the propagation of a 
delamination, which is necessary to achieve fragmentation. This criterion is based on changes in the 
elastic strain energy before and after the CFRPP layer fails. The critical layer thickness cCFRPPt  is 
found when this energy change is equal to the energy required to cause delamination of the central 
CFRPP layer. This assumes that delamination is the only energy absorbing mechanism and leads to 
the equation: 
  
 
2
, 4
c c c
CFRPP CFRPP SRPP CFRPP CFRPP CFRPP
II C c
SRPP CFRPP CFRPP
t E t t E t
G
E E t t
           ,    (1) 
where ,II CG  is the mode II interlaminar fracture toughness for propagation, CFRPP  is the strength of 
the central CFRPP layer, SRPPE  and CFRPPE  are the tensile moduli of the SRPP and CFRPP layers 
respectively, and t  is the total sample thickness.  
All required input parameters are available from the tensile tests, apart from GII,C. This value is 
challenging to measure due to the low CF/PP adhesion and the low stiffness of hybrid composites. 
Since CFRPP is not a common prepreg, the amount of literature on its GII,C is limited. Taketa [35] 
quoted values of 0.497 + 0.026, 0.674 + 0.017 and 0.384 + 0.010 kJ/m² for fast, medium and slowly 
cooled UD CFRPP. Since no consistent trend can be observed, the average value of 0.518 kJ/m² 
was used. This is very close to 0.514 kJ/m² reported by Hu [36]. These values have two important 
caveats. Firstly, the CFRPP prepregs used by Taketa and Hu may have a different PP matrix. 
Secondly, they reported GII,C values for UD CFRPP, while the equation will be applied to woven 
CFRPP hybrids. The GII,C is typically higher for woven than for UD composites [37]. 
The number of fragmented samples for each layup was counted from the photographs. All these 
results are summarised in Table 2. The number of fragments in the fragmented samples varied 
between 2 and 4, but did not seem to depend on the layup. While 4/5 samples of the 5.5%CF hybrid 
still fragment, only 1 out 5 samples of 7.0%CF hybrid did. The critical carbon fibre Vf is hence 
around 6%CF in the experiments, and samples do not fragment anymore at higher Vf. This 
corresponds to a relative woven layer thickness of 13% or 3%CF in the loading direction.   
Eq. 1 was solved using the appropriate values for CFRPP and SRPP. The predicted critical layer 
thickness cCFRPPt  depends on the layup, as the sample thickness t  was each time adapted to the 
thickness of the specific layup. The actual CFRPP thickness should be smaller than the critical layer 
thickness to prevent delamination propagation. This is required to achieve fragmentation (see Fig. 
1d) instead of a growing delamination (see Fig. 1c). Table 2 proves that the predictions correspond 
well with the experimental data.  
As the GII,C value was taken from literature, analysing its significance for the critical layer thickness 
is a useful exercise. The critical layer thickness indeed seems to be sensitive to the fracture 
toughness (see Fig. 7). Using either 0.4 or 0.6 kJ/m² for GII,C would change the critical layer 
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thickness by about 15%. These small variations would change the comparison with the presented 
experimental data (see Table 2). 
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Figure 7: Prediction of the critical layer thickness from the model of Czél and Wisnom [14]. 
 
4 Conclusion 
CFRPP/SRPP hybrid composites combine a tensile modulus of 10-20 GPa with an ultimate failure 
strain of 20%. The damage mechanisms in these hybrids were analysed and the influence of various 
parameters was demonstrated: 
 The amount of carbon fibre and its Vf determine the amount of the damage to the SRPP, but does 
not necessarily affect the delamination length. 
 Woven CFRPP leads to a shorter delamination length than UD CFRPP. 
 UD SRPP leads to less damage in the SRPP than in woven SRPP and also facilitates 
fragmentation. 
 Fragmentation was achieved for relative woven CFRPP layer thicknesses below 14% in UD 
SRPP hybrids. The highest carbon fibre Vf that still achieves fragmentation is about 6%, of 
which half is in the loading direction. 
 
The mechanical performance of CFRPP/SRPP hybrids can be optimised by an intelligent 
combination of these parameters. These conclusions can also be used to control the damage 
mechanisms and achieve ductility in other hybrid composites. 
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